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The undersigned hereby files this Protest under 37 CFR 1 .291 (a) with regard to 
pending US patent application 08/802,202. This application is cited as the priority data in 
International Publication Number WO 98/35998. published August 20, 1998. Having reviewed 
the World Search Report therein, the undersigned believes there are additional prior art 
documents with direct relevancy to the patentability of the disclosure of US patent application 
08/802,202. 



USP 5,430,068 to Subramanian and USP 5,280,105 to Moran each anticipate the 
broadest claimed invention as summarized in the following claims charts. 
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Both USP 5,430,068 and USP 5,280,105 teach methods explicitiy intended for use on 
carpet waste of selective dissolution of component polymers using specific solvents and 
elevated temperature, and separating the dissolved polymer from the undissolved materials. 
Both teachings utilize carpet samples in their examples of their teachings (example 3 for USP 
5,430,068 and examples 3 and 4 in USP 5,280,105). Both teach the use of temperature 
reduction to precipitate separated polymer as a means of recovering the separated polymer. 

The obviousness of the claimed invention is established by USP 5, 278,282 to 
Nauman and Lynch. USP 5, 278,282 teaches a method of polymer reclamation for a mixed 
waste sti-eam of plastics using a controlled sequence of solvents and temperatures to achieve 
selective dissolution, filb-ation to remove insoluble contaminates, and can yield separated 
polymers which "exhibit near first pass physical properties for marketing" (col. 5, lines 38-60). 
The method is intended for a wide array of commingled plastics including for instance: 
polyesters, polyolefins, polyvinyl derivative and polyamides (col. 16, lines 61-65). Application 
of this process to carpet waste is strongly suggested in the phrase "commingled, post- 
consumer plastics that result when plastics are separated from ordinary household ti^ash" (col 
1, lines 27-28). In Table 7, a mixture of nylon 6, polyethylene terephthalate (PET), and 
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polyvinylchloride (PVC) is selectively separated into the three polymer components using N,N 
Dimethyl Acetamide as the solvent and three different temperatures. 

Czechoslovakian Patent 143,502 also establishes the obviousness of the claimed 
invention. This patent teaches a "method for producing caprolactam from waste consisting of a 
mixture of polycaprolactam and a noncaprolactam componenf, with the goal of achieving a 
reclaimed polymer which can be processed into "a high-quality, valuable product' (p. 1, 1st 
sentence of 1 st paragraph and p. 2, linesi -4). One skilled in the art knows that carpet 
commonly comprises nylon 6 (polycaprolactam) and noncaprolactam components and thus, 
application of this method to carpet waste is strongly suggested by this statement. The method 
utilizes selective dissolution of the caprolactam in any known polycaprolactam solvent, either at 
room temperature or elevated temperature, depending on the solvent used. The 
noncaprolactam component may be separated from the dissolved polycaprolactam solution by 
filtration. The dissolved polycaprolactam may be recovered by cooling to cause precipitation. 

Re: claim 2, based on col. 1, lines 36-39 of USP 5,280,105, a person skilled in the art 
would be led to substitute known separation techniques such in USP 5,518,188. 

Re: claims 5,6 and 8, combination of USP 5,280,105 and USP 5,278,282 results in 
these claimed limitations. In addition, USP 5,241,066 to Davis and Dellinger separate the 
polycaprolactam sheath from the PET core in bicomponent fibers using selective dissolution 
and filtration. 

Re: claim 9, Czechoslovakian Patent 143,502 demonstrates the separation of 
caprolactam fiber from cotton fiber by selective dissolution in Example 3, page 8 of the 
ti-anslation. 

Re: claims 1 1, 12, 13 and 14, the fact that glycerol, ethylene glycol and propylene 
glycol are excellent solvents at elevated temperature for polyamide was established well prior 
to the claimed invention. In Starkweather, H. W. and Glover, A. J. (1981) "Crystalline 
Transitions in Powders of Nylon 66 Crystallized from Solutions", J. Polymer Sci. 19: 467-477, to 
avoid elevated pressure while dissolving nylon 66, a number of high boiling solvents were 
tested. Table I (p. 468) lists these solvents for nylon 66 in order of decreasing solubility 
parameter; glycerol, ethylene glycol, and propylene glycol are the top three solvents for 
dissolving nylon 66 at elevated temperature. This work also demonsti-ates the precipitation of 
dissolved polyamide by the use of reduced temperature. One skilled in the art of polymer 
dissolution would likely consult this article in ti7ing to reclaim polymer components of 
polyamide carpet waste via dissolution. 



In conclusion, this protest is filed to bring these highly relevant prior art documents to 
the Examiner's attention, which documents make the grant of the pending patent improper in 
the opinion of the undersigned. 



Respectfully submitted, 

Bronwen M. Brown 
Reg. No. 43,516 
1 1 1 5 Maryland Ave., NE 
Washington, DC 20002 
202-546-8016 
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CARPET RECYCLING PROCESS FOR NYLON CONTAINING CARPETING 

FIELD Of the INVENTION 



The Invention comprises methods and processes for recycling nylon 
containing carpeting which includes stepwise separation using a 
combination of selective solvent or solvents and temperatures control 
methods. The steps include but are not limited to: 

a. reduce carpet size to granular form; 

b. wash and/or filter as« necessary to remove inert 
solids, dirt and fillers; and 

c. stepwise separation of backing, adhesive and 
various types of fibers. 



BACKGROUN D of the INVENTION 



The use of synthetic fibers has increased in many areas of 
technology. Among those areas which has had a very great and varied 
increase is carpets, area rugs, carpeting and include all types of floor 
coverings. The teachings and publications In this and related fields are 
quite extensive and describe details for separating, reconstituting, 

\ 
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recovering, purifying and variously treating and handling used textiles and 
carpeting and include natural and synthetic fibers in the processing and 
recovery steps. 

More specifically, U.S. Patent Number 3,006,867 (Simon) discloses a 
method of reconstituting a synthetic plastic, such as and including nylon 
from waste and used materials and include textile wastes having nylon 
fibers. The method consists of dissolving the waste material from the 
synthetic plastic in formic acid, mixing a hydrocarbon selected from n- 
hexane. cyclohexene, n-heptane, cyclohexane, hexene, benzene, and 
toluene with the formic acid-plastic solution in an amount sufficient to form 
an azeotcopic mixture, then heating the azeotropic mixture to a 
temperature sufficient to vaporize the azeotropic mixture and removing 
(recovering) the vapors from the distillation zone to leave behind the 
desired synthetic plastic being recovered. 

U.S. Patent Number 4,003,880; 4,003,881; 4,118.187 and 4,137,393 
(Sidebotham et at) variously disclose methods for recovering polyester 
from dyed polyester fibers as in fabrics, textiles, carpeting and commercial 
products. Only polyesters are involved in the recovery steps. While the 
conditions and procedural steps vary in the patent disclosures, there are 
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certain steps which are described in and' utilized in all these patent 
processes. These steps generally include: 

1 . contacting collections of yams, fibers, and fabrics, 
including dyed polyester fibers with a dye-stripping 
solvent for polyester polymer which is preferably not 
a solvent for the remaining constituents at a 
temperature below which the polyester fiber 
dissolves and above the crystal lattice of the 
polyester fibers swell to as to release the dye, 
thereby stripping the dye from the polyester fibers; 

2. removing the excess of the dye-containing dye- 
stripping solvent which is not absorbed by the fibers 
and fabrics; 

3. contacting the fibers (which many contain residual 
dye-stripping solvent) with sufficient addition of a 
primary dissolution solvent under selective 
dissolution conditions for polyester fibers; 
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4. removing the undissolved fibers or the other 
impurities from the solution; and 

5. separating the solvent or solvents from the 
polyester by evaporating the solvent from the 
dissolved and/or molten polyester without 
precipitating the polyester from solution. 

It is significant and important to point out that none of these recovery 
methods disclose or suggest any steps or detailed recovery procedures for 
nylon. Rather, they are limited to specific dissolution techniques for 
recovery of the unrelated polymer, polyester. In another U.S. Patent 
Number 4,064,079 (SIdebotham et al) a modified polyester recovery 
method is disclosed which does not include a step for removal of dye from 
the polyester fibers. 

U.S. Patent Number 5,240,530 and 5,288,349 (Fink) teach a carpet 
recycling and recovery method In which portions of the carpet are initially 
ground and melted for a feedstock. Carpets containing different types of 
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materials are ground mechanically so that the contained fiber length is 
reduced between 1/4" and 1/16". These fibers are then separated In an 
aqueous bath on the basis of specific gravity. Neither of these patents 
teach or suggest separating nylon fibers from polyester fibers by subjecting 
the mixed fibers to water and then heat, that is, there are no extraction 
steps disclosed. 

U.S. Patent Number 5,294,384 (David et al) discloses a method for 
converting waste carpet material into a thermoplastic composition. As 
starting material, the carpet samples (waste) may have any pile weight and 
also may be comprised of non-homogeneous mixtures of components. 
The samples are melt blended with or without a compatlbllizer in a 
temperature range of from 250 degrees Celsius to about 260 degree 
Celsius and at a pressure of from about 350 to 450 psi and a shear rate of 
about 200-400/sec.; most preferably this step Is carried out In a twin screw 
extruder. The blends thus formed may then be palletized or processed Into 
other commercially acceptable forms. Blend compositions which are 
disclosed include mixtures of nylon, polyolefins, SBR latex, and inorganic 
fiber. Using the method described in this patent no attempt is made (no 
steps included) to separate the fiber mixture into their consistent parts or 
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fractions; rather, the mixtures are merely transformed into a different 
mixture having a different form from the starting components. 

In U.S. Patent Number 5,370,757 (Corbin et al) a carpet product Is 
disclosed which has two distinct sections, a top section constructed 
entirely from nylon (Nylon 6) and a bottom section. The top section Is thus 
easily removable from the bottom section for replacement thereof without 
any damage to the bottom section. After such removal, the top section can 
then be recycled to e^Caprolactum for re-use in Nylon 6 carpet or it can be 
used In other Nylon 6 products. 

Further, U.S. Patent Number 5,342,854 (Serod) describes a method 
for separating and recovering polyester from polyester/cotton blends, the 
polyester/cotton materials Is cut and chopped into small pieces and then 
dried. These dried scraps are placed into a vessel containing a sulfone 
solvent such as an alky I sulfone having from 1 to 10 carbon atoms and 
heated to 150 degrees Celsius. This mixture Is steeped (with agitation) for 
about 90 minutes at this temperature. Thereafter, the temperature of the 
mixture Is raised to 190 degrees Celsius and maintained thus for about 
another 35 minutes. The solvent containing polyester is then separated for 
further treatment to precipitate the recovered polyester There are no 



6 



- wo 98/35998 PCTAJS98/03214 

methods or steps described for separating 'the polyester from any other 
polymeric systems or other polymeric fibers. 

U.S. Patent Number 5,198,471 does not teach a process related to 
this Invention. There is no disclosure of nylon fibers, carpet, or any of the 
solvents. In U.S. Patent Number 3,696,058 (Tate) a process is disclosed 
for recovering solid scrap thermoplastic polymers such as polyamides and 
polyesters. The process comprises the following steps: 

a. dissolving said thermoplastic polymer in 
hexafiuorisopropanol; 

b. filtering said polymer solution; 

, c. mixing the polymer solution with an excess of water 
at temperature of from 60 to 100 degrees Celsius; 
and 

d. separating the precipitated polymer from the water, 
wherein the thermoplastic polymer is selected from 
the group consisting of polyamide. polyester, 
polyacrylonitrile and polyacetal. 
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In this patent the solvents employed for the polymer are 
fluoroalcohols. it has been known to use formic acid and sulfuric acid as 
well as various types of solvents such as for instance ethylene glycol, 
propylene glycol, meta-cresol and various tri-glycerides and fatty acids to 
dissolve nylons polymeric materials as a step In producing cast polyamide 
fibers including nylon fibers. 

SUMMARY of the INVENTION 

It is an objective of this invention to provide a recycling process for 
carpeting rnaterlal containing nylon polymers and/or nylon fibers. 

It is also an objective to describe processes for separating and 
recovering plastic and polymer components of carpeting, used carpets, 
carpets scraps and the like including mixtures of synthetic carpeting 
materials one or more components or portjons of which contain nylon. 
Another objective is to provide an economical, practical and 
environmentally acceptable method for recovery of components from 
carpeting materials containing nylon polymers. 
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Another specific objective is to recover Nylon 6 and Nylon 6,6 from 
nylon containing carpet scraps and used carpeting. 

A further object Is to separate and recover nylon polymer from 
carpeting containing other polymers such as polyesters, polyamides, 
P.E.T. (poly-ethylene terepthtalate) and other polymers as well as natural 
fibers. 

Another object is to provide an efficient recycling process for nylon 
containing carpeting materials or any other material containing nylon. 
Other objectives will be disclosed in the detailed description of the 
invention process described herein below. 

DESCRIPTION of the INVENTION 

At present there are a number of different but related reasons and 
objectives which make carpet recycling of prime importance. 

There are both environmental and economic reasons for the drive 
with respect to recycling processes and methods. Practical and economic 
values are advantageous . for limiting landfill usage for the old and 
discarded carpeting as well as otherwise useless carpeting scraps. 
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Recycling generally can include methods for reprocessing or 
reconditioning for reuse as such, conversion of the carpeting or the 
components thereof into a new or different product which may have a 
different and often less demanding or more generic application, or use of 
one or more processes or process steps in a way which recovers all or part 
of the value of the components. 

in the processes of this invention, a number of these advantages and 
objectives are achieved. 

This invention broadly relates to the recycling and recovery of 
products from carpeting in which the fibers contain at least substantial 
quantities of nylon as well as polyester and P.E.T. (poly-ethylene 
terephthalate). in addition, acrylic fibers may be present as well as various 
olefinic resins. Also, in some instances, natural fibers such as cotton 
and/or wood may also be present. 

The carpeting, which is subjected to recycling, also has a backing 
material which may be for instance polypropylene, polyethylene, acrylic 
resin, a straw-burlap material known commercially as "JUTE", a mixture of 
these with possibly other materials in smaller amounts. 
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It is also commonly required that some kind of "gluing" agent or 
adhesive be present at least in a minor amount in order to attach and 
securely bind the fibers to the backing. The adhesive during the recovery 
process becomes part of the inert by-product stream and thus remains a 
part of the inert fraction. 

The process of this invention can be advantageously and quite 
satisfactorily practiced with any carpet as the starting material, provided 
only that there Is some nylon fibers present. The nylon can be of the type 
known commercially as Nylon 6 (poly-6-aminocaproic acid), Nylon 6,6 
(poly-hexamethyleneadlpamide), Nylon 8 (poly-8-aminocaprylic acid), 
Nylon 11^ (poly-11-amlnpundecanolc acid), and Nylon 6,10 (poly- 
hexamethylene sebacamide). 

It is not necessary, or at least not practical or highly effective to 
separate the carpet fibers from the backing that is, because the release of 
the adhesive from the fibers during the recovery step are effectively 
accomplished. It is not generally necessary to remove the adhesive as 
whatever remains with the fiber will remain as a solid residue in the 
separation step. 
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In one embodiment of the invention, tlie ground carpeting, preferably 
primarily comprising the nylon containing fibers are admixed with a 
selective solvent. This solvent must be appropriately selected and is 
preferred to be a glycolic compound (polyhydric alcohol) such as ethylene 
glycol or propylene glycol or glycerol and can also be various mixtures of 
these solvents. This solvent may also be an organic formate, such as 
methyl or ethyl formate, hydrochloric acid, formic acid, methanol, nitric 
acid, glacial acetic acid, fluorinated alcohols, m-cresol, phenolic 
compounds, chloroform-methanol, methanol-lithlum chloride, potassium 
thiocyanate, benzyl alcohol, butane diol 1,1, dimethyl sulfoxide, triethylene 
glycol, and, tetraethylene glycol. 

It has been found by actual testing and experimentation that glycerol 
is the most effective solvent and is preferred for isolation and recovery of 
the nylon components in the fibers. It is found to be the most 
environmentally friendly solvent of those listed. 

The basis for the separation of the types of nylon fractions (Nylon 6 
and Nylon 6,6) is the relative solubility of the two types in the solvent 
depending on the temperature. Thus, the different types can be Identified, 
separated and removed by varying the temperature. The Nylon 6 fraction 
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is soluble In glycerol at 155 degrees Celsius whereas the Nylon 6,6 is 
soluble at 195 degrees Celsius, all the nylon polymers will be dissolved. 
Then the mixture is cooled and the Nylon 6,6 will not be soluble and can be 
separated and removed as a solid. Further cooling to about 150 degrees 
Celsius will cause the Nylon 6 to separate and it can be removed as a 
solid. 

The process can also be carried out by selective heating of the fibers 
in solution. At a temperature of about 150 degrees Celsius and the Nylon 
6 will be dissolved and can then be separated with the glycerol and the 
Nylon 6,6 is thus the remaining solid which has not been heated to a 
sufficiently high temperature to dissolve. 

The nylon which is recovered as a solution in glycerol or other 
organic solvent can be easily recovered by precipitation upon cooling 
followed by washing with water where as the solid nylon polymer separates 
from the liquid solution. 

The many advantages include the ability to separate the nylon 
polymers from other polymers, adhesives and fibers, using a safe 
environmentally acceptable steps to recover clean, relatively pure nylon 
polymers. Although advantage is that there is a relatively simple, 



13 



- - wo 98/35998 PCr/US98/032I4 

economical and effective step wliich is readily included to separate Nylon 6 
and Nylon 6,6 and recover both in a pure form. 

The following Examples are typical processes for the recovery of the 
products according to the invention but are in ho way intended to limit the 
invention process and products thereto. 

EXAMPLES 

Example 1. 

This process and the steps thereof relate to the recovery of nylon, 
particularly , Nylon 6,6 both from home and commercial carpets. Carpet 
containing Nylon 6,6 is dissolved in a hot, highly pure glycerol at elevated 
temperatures. At high temperatures, nylon oxidizes with oxygen and/or 
hydrolysis with water. To prevent oxidation various stabilizers may be 
added to the solvent. Alternatively, working under a nitrogen environment 
renders an effective protection against nylon degradation from both 
oxidation and hydrolysis. 

Upon dissolution, the solution is quickly withdrawn to a dry vessel 
where it is quickly cooled to 40 degrees Celsius or lower. The solution is 
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washed with water to remove traces of glycerol, then filtered, and lastly 
dried under vacuum at 40 to 60 degrees Celsius to recover the nylon 
polymer. The following is an example of the method used in practicing this 
recovery and recycling process: 

1. 1200 ml of pure glycerol is heated to and 
maintained at 205 C and 1 ATM. of pressure in a 
stirrer equipped vessel where it is uniformly stirred 
at a moderate speed. 

2. Meanwhile, a constant stream of nitrogen gas is 
applied to tt;ie solvent as it heats up to purge out 
any residual oxygen. 

3. 100 grams of Dupont Stainmaster carpet is added 
to the hot solvent. 

4. The initial carpet fiber is sample and found to be 
Nylon 6 with a relative viscosity of 1 .7. 
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15 minutes after all the nylon is dissolved, the 
solution is pumped out of the heating vessel via a 
heated 0.25 inch diameter stainless steel pipe into a 
dry flask that is sitting in an ice bath. 

When the solution cools down to 40 C or below it is 
washed with water at a ratio of 20:1 by volume and 
filtered, for the final wash. 

For the final wash potassium iodine (Kl) is added to 
the water as a hejat stabilizer for future processing. 

The final solution is filtered and the cake is dried in 
an oven purged with nitrogen then under vacuum 
allowed to dry at 45 C for three days. 

The final material is checked for its purity and 
relative viscosity (RV). The final material exhibited 
an increase in relative viscosity to 2.21. 
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Example 2. 

This process and the steps thereof relate to the recovery of Nylon 6 
and Nylon 6,6 both from home and commercial carpets. 

Carpet containing Nylon 6 and Nylon 6,6 is dissolved in a hot, highly 
pure glycerol at elevated temperatures. To prevent oxidation stabilizers 
are added to the solvent. Alternatively, working under a nitrogen 
environment renders an effective protection against nylon degradation. 
Upon dissolution at 165 C, the solution containing Nylon 6 is quickly 
withdrawn to a dry vessel while the undissolved residue containing Nylon 
6,6 is dissolved in a second vessel at 200 C and withdrawn into its dry 
clean vessel. The two nylon containing vessels are cooled quickly to 40 C. 
The solid particles are washed independently of each other to remove any 
trace of glycerol. The polymer is then filtered and dried under vacuum at 
40 to 60 C to recover the pure nylon polymer. The polymer is then 
checked for relative viscosity and purity using differential scanning 
calorlmetry. The Nylon 6,6 and Nylon 6 exhibited a single melting peak 
confirming the melting point of the pure components proving the polymer 
separation was performed accurately. 
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Process for recycling of waste carpeting and waste carpeting containing 
materials which comprises multiple separation steps using selective solvents 
under controlled temperature conditions which steps Include selective stepwise 
separation and recovery of carpet backing, adheslves, and Individual types and 
compositions of fibers present 

The process of Claim 1 for recycling and recovery of products from waste 
carpeting which includes as preliminary steps the reduction of the waste 
carpeting to granular, particulate form followed by treatment to remove inert 
solids and non-fibrous fillers. 

The process of Claim 1 in which the waste carpeting and waste carpeting 
containing materials contain substantial amounts of nylon fibers which are 
separated and recovered as fibers or polymer. 

The process of Claim 1 in which the waste carpeting contains substantial 
amounts of nylon fibers and substantial amounts of at least one other fiber which 
is substantially separated from the nylon fibers, and each polymer fiber 
composition, as recovered, suitable for polymer reuse. 

The process of Claim 4 in which at least one of the fibers other than nylon fiber 
Is a synthetic polymer fiber. 

The process of Claim 6 in which at least one of the synthetic fibers other than 
nylon Is a polyester. 

The process of Claim 5 in which at least one of the synthetic fibers other than 
nylon Is a polyamide. 
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8. The process of Claim 5 in which at least one, of the fibers other than nylon is a 
terephthalate polymer. 

9. The process of Claim 4 in v\^ich at least one of the fibers other than nylon is 
natural fiber. 

10. The process of Claim 1 in which the selective solvent employed for separation 
of the nylon fiber fraction comprises at least substantial percentages of at least 
one polyhydric alcohol used at preselected, controlled temperatures from vWiich 
the nylon is subsequently separated by controlled temperature variation. 

11. The process of Claim 1 in which the Nyion 6 is separated from Nylon 6,6 by 
preselected variation and control of temperatures and time of treatment of a 
polyhydric alcohol solvent 

12. The process of Claim 10 in \A^ich the seledive solvent is glycerol 

13. The process of Claim 10 in which the selective solvent is ethylene glycol. 

14. The process of Claim 10 in which the selective solvent is propylene glycol. 

16. The recovered nylon polymer obtained by the recycling steps for carpeting as 
described in Claim 1. 
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The invention relates to a method for producing caprolactam 
from waste consisting of a_ mixture.. of .j)p.lycaprolactain and a 
nonpolyamide component. Such waste materials arise during the 
processing of old tires containing polycaprolactam cords, for 
example, during the manufacture and processing of filled or 
laminated polycaprolactam, in the manufacture and processing of 
textiles from mixed fibers, and elsewhere. They cannot be 
incinerated, and several of the materials require special 
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decontamination procedure. The invention solves the problem of 
utilizing such wastes in an economically efficient way, and the 
goal of the invention is to allow them to be processed 
commercially into a high-quality, valuable product. 

The nonpolyamide component of the waste materials, which are 
not water-soluble, differs depending on the origin of the waste. 
The nonpolyamide component cannot be separated from the 
polycaprolactam by mechanical grinding and classification. 

Because of the chemical nature of the nonpolyamide 
component, or because of the high proportion it constitutes in 
the waste, the wastes are not suitable for utilization by known 
methods for treating wastes consisting solely of polycaprolactam. 
When direct thermal depolymerization to caprolactam is used, 
large quantities of residue remain in the reactor, and the 
resulting product is contaminated by the breakdown products of 
the nonpolyamide component; in the case of thermal 
depolymerization by steam, only dilute solutions of 
polycaprolactam are obtained. Considering the high energy 
requirements and the low yields of caprolactam, direct ^; 
depolymerization is not economically efficient. 

A method for dissolving polyamide in sulfuric acid was 
developed for utilizing waste resulting from regeneration of old 
tires. After the solution as filtered, the polycaprolactam was 
obtained by precipitating it out with water; the precipitate was 
dried and polycaprolactam was obtained in the form of a powder. 
This powder is used for molding applied coatings or is converted 
to granulated form. Wastes of other origins also can be 
processed to a polycaprolactam powder using polycaprolactam 
solvents other than sulfuric acid. A disadvantage of all these 



approaches is the unsatisfactory quality of the powdered 
polycaprolactam obtained, which results from the degradation 
processes that operate during the dissolution of the 
polycaprolactam and from the impossibility of washing the 
precipitate completely clean. The resulting powder always has a 
lower molecular weight than the original polycaprolactam and 
always contains undesirable admixtures. On standing, it rapidly 
turns brown and forms a crumbly coating that adheres poorly to 
substrates. When melted, it produces a brownish granular 
material and items molded from it or fibers spun from it are of 
inferior quality- 
It has now been found that such waste materials can be 
utilized economically for processing into a high-quality product 
by the method according to the invention / namely, ^Y^J'.irst 
dissolving waste mixtures o^f_£olyc aprolact am_ and_ nqnp_o_lyamide_ 
component in water or__a_poly capro lactam_sqlyen t ■ pissolutiqn in 
water is accompiished under _^eva,ted_ pxess^ 

point of polycaprolactam > According to alternative versions of 
the invention, all known polycaprolactam solvents can be u^ed. 
Dissolution is accomplished at ordinary or elevated temperature 
depending on the type of solvent used. If the required 
temperature is above the boiling point of the solvent, the 
dissolution is accomplished under elevated pressure. Dissolution 
can be accomplished at ordinary temperatures when sulfuric acid, 
hydrochloric acid, phosphoric acid, formic acid, acetic acid, 
tricresol, or other solvents that dissolve polycaprolactam at 
ordinary temperatures are used. Dissolution can be accomplished 
at elevated temperatures without excess pressure with ethylene 
glycol, glycerin, dimethyl sulfoxide, methanolic or ethanolic 
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solutions of resorcinol, or calcium chloride or other solvents 
that dissolve polycaprolactam at temperatures higher than the 
temperatures but lower than their boiling points. Dissolution 
can also be accomplished at elevated temperatures without excess 
pressure using caprolactam, phenol, or other solvents that 
dissolve polycaprolactam at temperatures above their melting 
points but below their boiling points. 

Dissolution can be accomplished at elevated pressure and 
elevated temperature with methanol, ethanol, or other solvents 
that dissolve polycaprolactam at temperatures above their boiling 
points. Dissolution can also be accomplished using suitable 

mixtures of solvents. 

The nonpolyamide component is separated from the resulting 
polycaprolactam solution by filtering it through a suitable 
filtering device, preferably located in the bottom of the 
dissolution vessel. The type of filtering device depends on the 
particle size of the nonpolyamide component. It could be a 
perforated bottom or a wire screen, for instance. The 
nonpolyamide component retained by the filter is removed 
mechanically or by rinsing it off with the solvent used for the 
dissolution, and can be utilized further in some way depending on 
its nature. For example, particles of rubber or fiberglass can 
be used in construction as thermal insulation. 

The polycaprolactam, in the form of a solution or 
suspension, is sent either directly or following removal of the 
solvent to thermal decomposition. 

A suspension of polycaprolactarn_f_orms sp^^^^ on 
cooling, or on' cooling accompanied by the loss of excess pressure 
when water or polycaprolactam_ w^^^^^^ 
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These solvents do not introduce any chemically foreign substances 
into the depolymerization process, and the actual 
depolymerization process can also be accomplished in their 
presence. The process can also be accomplished; however, with 
these solvents being regenerated in the first phase by 
distillation. The suspension may also appropriately be conveyed 
directly to the depolymerization step when methanol or ethanol 
was used as the solvent, since these solvents also can be 
regenerated easily by distillation in the first phase of the 
depolymerization process. 

If an organic or inorganic acid was used as the solvent, the 
polycaprolactam must first be isolated from the solution by 
precipitating it out with water or alcohol and separating it from 
the liquid phase by sedimentation, filtration, or centrifugation 
before it is sent on to be depolymerized. Since the waste acids 
in the liquid phase can be regenerated or decontaminated only 
with difficulty, the use of organic or inorganic acids as 
solvents is less desirable. 

If ethylene glycol, glycerin, or dimethyl sulfoxide was^ used 
as the solvent, they can be removed from the resulting suspension 
by centrifugation, filtration, evaporation, extraction, or by 
another known means, and the polycaprolactam is then sent to 
thermal decomposition- The regenerated solvent can be reused in 
the dissolution step. 

The thermal decomposition of polycaprolactam is accomplished 
by known methods, appropriately employing catalysts and 
superheated steam- The charge can consist of polycaprolactam 
obtained by the method described alone, or polycaprolactam in a 
mixture with other wastes of unfilled polycaprolactam. The 



depolyroerized product can be processed alone or together with the 
main stream of ordinary caprolactam produced by known methods to 
give the final product. 

The advantage of the invention consists in the more 
economical utilization of waste relative to known methods in the 
form of powdered polyamide, since in conjunction with 
depolyroerization, the method according to the invention can 
produce high-quality caprolactam, thus allowing for the 
utilization of polyamide waste on the commercial scale. 

The subject matter of the invention is illustrated but not 
limited by the following examples: 

Example 1 

1 kg of waste from the production of polyamide laminate 
consisting of 70% polycaprolactam and 30% fiberglass was heated 
with 10 kg of water in an autoclave fitted with a metal screen. 
At 320'C the pressure in the autoclave was 23 kPa/cm^ After one 
hour the resulting melt was discharged to a depolymerizatioh 
reactor heated to ll^'C. 2.5 g of H,P04 and 2.5 g of HiBO, were 
added to the melt as a mixed depolymerization catalyst, and the 
resulting monomeric caprolactam was distilled with steam 
superheated to 400''C. A 17% aqueous solution of caprolactam was 
obtained. After being condensed to a 92% solution it was cooled 
to ICC and yielded 480 g of caprolactam and 170 g of mother 
liquor. A one-step distillation gave a final caprolactam with a 



permanganate number of 6700 sec and volatile bases equivalent to 
0.1 mL of o.oiN HiSO, per 100 g of caprolactam. The mother liquor 
was recycled back to caprolactam production. 



Example 2 



1 kg of waste from the processing of old tires consisting of 
60% polycaprolactam cord and 40% rubber was heated with lo kg of 
ethylene glycol in a dissolving vessel with an outlet fitted with 
a metal screen. After being heated for six hours at iso'C, the 
resulting solution was discharged to a cooling vessel; after the 
solution had cooled to 60«C, polycaprolactam spontaneously 
precipitated out, forming a fine suspension. 8.3 kg of ethylene 
glycol were recovered from this suspension on a centrifuge, and 
polycaprolactam was isolated in the fonn of a fine paste which, 
after being washed with water, was conveyed to a depolymerization 
reactor. 3 g of H,BO, were added to the paste as a 
depolymerization catalyst, and the temperature was gradually 
raised to 275 °C. The resulting monomeric caprolactam was ' 
distilled with steam superheated to 400oc. An 18.5% aqueous 
solution of caprolactam was obtained. This was mixed with a i% 
addition of activated carbon for adsorption [of impurities]. 
After the adsorbent was completely removed, the aqueous solution 
was condensed to 65% caprolactam and extracted three times with 
trichloroethyiene. The caprolactam was extracted from the 
trichloroethylene into water and the aqueous extract was vacuum 
condensed and vacuum distilled with an addition of 0.5% NaOH. 
The yield was 34 g of the first fractions, 32 g of the last 
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fractions, and 416 g of final caprolactam. The final caprolactam 
had a permanganate number of 16,800 sec and contained volatile 
bases equivalent to 0.80 mL of O.OIN H2SO4 per 100 g of 
caprolactam. 

Example 3 

1 kg of textile waste consisting of 53% polycaprolactam 
fiber and 47% cotton fiber was heated with 10 kg of methanol at 
130**C and a simultaneous pressure off 8.8 kPa/cm^ in an autoclave 
in which the outlet was fitted with a metal screen. After one 
hour the resulting solution was discharged to a depolymerization 
reactor, where polycaprolactam spontaneously precipitated out and 
6.7 kg of methanol spontaneously distilled off. As the resulting 
suspension of polycaprolactam was heated gradually to 275°C, 
3.2 kg of methanol were distilled from it. To the 
polycaprolactam melt there were then added 5 g of H3PO4 as a 
depolymerization catalyst, and the resulting monoraeric 
caprolactam was distilled with steam superheated to 400*'C. ^The 
yield was a 15% aqueous solution of caprolactam that was 
condensed to give a concentration of 65% caprolactam, which was 
then extracted three times with trichloroethylene. After the 
caprolactam had been extracted from the trichloroethylene into 
water, the aqueous extract was vacuum condensed and vacuum 
distilled with an addition of 0.5% NaOH. The yield was 20 g of 
the first fractions, 20 g of the last fractions, and 390 g of 



final caprolactain. The final caprolactam had a permanganate 
number of 10,590 sec and contained volatile bases equivalent to 
1.20 mL of O.OIN H2SO4 per 100 g of caprolactam. 

claims 

1. A method for obtaining caprolactam from waste mixtures 
of polycaprolactam and a nonpolyamide component, characterized in 
that wastes are brought into contact with water or a 
polycaprolactam solvent, with the dissolved^caprplacieim. being 
separated from the nonpolyamide component and sent on, either 
directly or after preliminary removal of the solvent, to be 
thermally depolymerized, where monomer ic caprolactam is 
regenerated, for example by steam, 

2. A method as in Claim 1 characterized in that a solution 
of polycaprolactam in a solvent or a suspension of 
polycaprolactam in solvent is sent directly to be depolymerized, 
and the solvent is regenerated by distillation or is driven off 
with steam. 

3. A method as in Claim l characterized in that the 
solvent is removed from the polycaprolactam, for example by 
centrifuging, filtration, extraction, or evaporation; prior to 
the depolymerization step. 
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Synopsis 

Powders of nylon 66 were crystallized from solution in methanol and in other solvents. These 
powders exhibit a latent heat of about 4.6 cal/g at the Brill transition near 200**C where the unit cell 
changes from a triclinic to a pseudohexagonal form. The dimensions of the hydrogen-bonded sheets 
are ahnost unchanged up to 240*>C, but the separation between the sheets increases with increasing 
temperature. Above 245°C, the interchain separation increases rapidly, and permits the powder 
to be extruded in an essentially plastic manner to form coherent extrudates. As the temperature 
of treatment is increased above 245<»C, the latent heat of the Brill transition is reduced toward zero, 
the heat of fusion is reduced from about 30 cal/g to about 20 cal/g, and an endotherm at 261*C ii 
replaced by one at 267**C. 



INTRODUCTION 

In 1942, Brilli reported that the two strongest peaks in an x-ray diffraction 
pattern from nylon 66, the (100) reflection and the (010,110) doublet, merge into 
a single peak at 160*'C, He also stated that in the presence of water vapor, the 
transformation occurred at 140°C. In later work,2 BriU related the phenomenon 
to the thermosetting of filaments. 

The Brill transition, as it has come to be known, represents a change from sr 
triclinic unit cell to a pseudohexagonal form. In the latter cell, the c axes and 
the polynier chains are still tilted with respect to the ab plane, but the projection 
of the unit cell on a plane normal to the c axis is metrically hexagonal. The 
temperature of the transition has been reported variously from 100 to 240**C,^" 
and it appears to be sensitive to the crystallization, annealing, and deformation 
history of the sample. There have been reports of a small latent heat associated 
with the Brill transition,^.^ but its thermodynamic properties have not been well 
defined. 

In earlier work,io it was found that nylon 66 having an unusually high degree 
of crystallinity could be obtained by crystallization from methanol under auto- 
geneous pressure. It was decided to use similar samples in effort to learn more 
about the Brill transition. 



PREPARATION OF POWDERS 

Zytel® 101 nylon molding pellets (15 g) and methanol (250 g) were charged to 
a 400 ml stainless-steel shaker tube. The tube was flushed with nitrogen, sealed, 
heated to 180*=*C for 20 min, and cooled with continuous shakmg. The maximum 
pressure recorded during the experiment was 420 psig. The product, a fine 
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powder, was separated from the liquid by filtration and dried overnight in a 
vacuum oven at 96^ C with a nitrogen bleed. Unless otherwise stated, this is the 
material used in subsequent experiments. Scanning electron microscopy re- 
vealed aggregated globules 100-200 ^m in diameter with surface dendrites 0.3-2 
fim wide. Low-angle x-ray diffraction showed a peak corresponding to a spacing 
of 64 A. This is equivalent to a fold period of five repeat units assuming chain 
folding on (001) planes. 

In other runs, as much as 53.5 g of nylon was dissolved in 250 ml of methanol 
to give similar powders. Runs with 15 g of nylon were also done at temperatures 
from 140 to 160°C. While only fine powder was formed at 160 and 180**C, 
mixtures of fine powder and undissolved pellets were recovered from runs at 140 
and 150**C. When water was substituted for methanol, fine powder was formed 
at 200-300*^C, and undissolved pellets were recovered from runs at 160 and 
18p*'C. 

In order to avoid elevated pressure, a number of high boiling solvents were tried 
at a concentration of 5 g of nylon per 100 g of solvent. These are listed in Table 
I in the order of decreasing solubility parameter. None of the solvents having 
solubility parameters below 12 dissolved nylon 66 at or below their boiling points, 
except triethylene glycol and tetraethylene glycol; and in these cases the disso- 
lution temperatures were very high. 

The powders prepared from high boiling solvents appeared to be quite similar 
to those precipitated from methanol. Methanol, which has a solubility parameter 
of 14.5, was preferred because its volatility reduces the retention of solvent during 
drying. 

DIFFERENTIAL SCANNING CALORIMETRY 

Scans obtained with a Du Pont differential scanning calorimeter (DCS) cali^ 
brated according to the manufacturer's instructions at a heating rate of 20°C/min 
are shown in Figure 1. -A peak near lOO^C due to absorbed water can be elimi- 
nated by a preliminary run to 140°. There is a broad endotherm with a peak 



TABLE I 

Precipitation of Nylon 66 from High Boiling Solvents 
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Solubility 


point 


temperature 
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parameter 
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(^C) 
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Glycerol 


16.5 


290d 


200 


180 


Ethylene glycol 


14.6 


198 


174 


140 


Propylene glycol 


12.6 


189 


175 


140 


Benzyl alcohol 


12.5 


205 


185 


110 


Butane dioM,4 


12.1 


235 


185 


140 


Diethylene glycol 


12.1 


245 


205 


161 


Dimethyl sulfoxide 


12.0 


189 


160 


141 


Cyclohexanol 


11.4 


162 


did not dissolve 




Dimethyl acetamide 


' 10.8 


165 


did not dissolve 




Dimethyl phthalate 


10.7 


282 


did not dissolve 




Triethylene glycol 


10.7 


276 


260 


185 


n-Octyl alcohol 


10.3 


194 


did not dissolve 




Diphenyl ether 


10.1 


259 


did not dissolve 




Tetraethylene glycol 


9.9 


328 


262 


210 
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Fig. 1. DSC scans for nylori powder: ( — ) first and ( - - - ) second heating cycles. 

near 200**C having a latent heat of 4.5 cal/g. This peak is associated with the 
Brill transition and is unchanged in subsequent cycles provided the sample has 
not been heated above 240*^0. Melting peaks occur at 262 and 270°C with a 
combined heat of fusion of 26.6 cal/g. Preheating at 225-265° C produces a new 
peak at 267 "^C which is the sole melting peak in a second heating cycle after 
melting and cooling. This melting point is in line with earlier reports on unor- 
iented polymer crystallized from the melt.^*^^'^^ Lower melting points have been 
reported for oriented fibers.^^'^^ The 200°C peak is absent in the second 
cycle. 

The effect of a preliminary heating cycle terminating at selected temperatures 
between 240 and 270° C on the heats of transition is shown in Figure 2. As the 
preheating temperature is increased, the latent heat of the transition at 2pO°C 
decreases to zero, and the heat of fusion decreases from about 30 cal/g to about 
20 cal/g. These effects both begin near 245°C and are complete at about 267°C. 
Near this temperature, the endothermal peak at 261°C is replaced by one at 
267°C. The heat of fusion for samples heated above 267°C or crystallized from 
the melt is close to literature values for drawn fibers.^* The decline in the heat 
of fusion of solution-crystallized powders between 245 and 267°C is reminiscent 
of an earlier study of melt-crystallized films.^ In that case, the crystallinity in- 
creased with increasing annealing temperatvires up to 250°C but decreased on 
annealing between 255° C and the melting point followed by rapid quenching. 

In studies on unoriented chips and oriented bristle of nylon 66, Khoury^^ ob- 
served that positive spherulites disappeared at a temperature which varied be- 
tween 250 and 256°C. Between 250 and 265°C, negative spherulites grew fol- 
lowing the disappearance of the positive spherulites. The optical melting point 
of the negative spherulites were 268-270° C. 

Powders prepared from the solvents Usted in Table I gave very similar DSC 
scans. The temperature of the Brill transition peak was 199 ± 4°C, and its latent 
heat was 4.6 ± 0.6 cal/g. Melting peaks occurred at 261.5 ± 1.0 and 269.5 ± 1.8°C, 
and the heat of fusion was 28.3 db 1.3 cal/g. 

The effect of heating rate on the temperatures of the endothermal peaks is 
shown in Figure 3. A double melting peak was seen only at rates up to 20°C/min, 
and the temperature of the upper peak was independent of rate. Extrapolation 
to zero heating rate gave the following values. The peak associated with the Brill 
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PREHEAT TEMPERATURE. 
Fig, 2. Effect of preheating on heats of transition. 



transition occurs at 194**C with a latent heat of 4.55 cal/g. The melting peaks 
are at 258 and 270^ C, and the heat of fusion is 28 cal/g. 

In studies on fibers exhibiting two melting peaks, the lower temperature peak 
which, as in our case, moved to higher temperatures with mcreasing heatmg rates 
was attributed to the transformation from one form to another.^^-H 




190 I ^ 1 1 1 I 
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HEATING RATE.^C/min 

Fig. 3. Effect of heating rate on the temperatures of endothermal peaks. 
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UNIT CELL PARAMETERS 

X-ray diffraction scans were obtained with a Rigaku 6-6 Diffractometer using 
Cu Ka radiation. This instrument, in which the sample remains horizontal, is 
especially useful for studies on fluids. Digital data were taken at intervals of 
0 05° in 26. The counting time was varied as needed to define the positions ot 
the peaks The 26 scale was calibrated with diamond and cobalt oxide. 1 he 
temperature was measured by a thermocouple embedded in the sample. There 
was good agreement between transition temperatures determined by x-ray dif- 
fraction and differential scanning calorimetry. , ♦,vi;«5n 

Bunn and Garneris reported that at room temperature nylon 66 has a triclmic 
unit ceU with a density of 1.24 ± 0.04 g/cm^ and the following parameters: 

a = 4.9 A a = 48.5° 
b=5.4A |8 = 77° 
c = 17.2 A y = 63.5° 

The number of peaks observed in x-ray diffractometer scans from powders 
crvstaUized from solution is much greater than from unoriented melt-processed 
samples. Data taken from a powder sample at 24°C are compared with values 
calculated from a least-squares refinement in Table IL The intensity data of 
Bunn and Garnerie ^gre used to index the reflections. The calculated unit ceU 
has a density of 1.213 ± 0.006 cm^. This compares favorably with the densities 
of 1 220 ± 0 002 g/cms reported by Starkweather and Moynihan^" and 1.210 ± 
0 005 g/cm3 reported by Haberkorn and co-workers," based on extrapolation 
of an amorphous band in the infrared spectrum to zero absorbmice Crystals 
of this density have been estimated to have a heat of fusion of 56 cal/g. 1 he 
parameters for this cell are 



TABLEII 

X-Ray Diffractometer Data Taken at 24'C from a Powder of Nylon 66 Precipitated from 

Methanol 



26 



26 



hkl 


Calc. 


Obs. 


001 


6.89 


6.65 


002 


13.80 


14.20 


100 


20.27 


20.30 


101 


20.67 




111 


20.97 


21.25 


003 


20.76 




010 


24.01 


24.08 


110 


24.01 




111 


34.97 


35.05 


012 


34.91 




017 


38.19 




110 


37.86 


38.05 


210 


37.86 




200 


41.22 




117 


41.19 


41.05 


027 


41.20 




Tl7 


45.92 


45.80 



hkl 



Calc. 



Obs. 



020 

220 

237 

127 

217 

210 

310 

107 

037 

120 

217 

207 

207 

137 

227 

030 

330 

410 



49.17 

49.17 

52.94 

53.13 

53.48 

57.20 

57.20 

56.56 

56.92 

62.09 

61.23 

62.24 

70.63 

70.64 

71.11 

77.23 

77.23 

80.21 



49.65 

53.1 

56.7 

61.75 

■71:05 
76.9 
80.5 . 
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a = 4.97 ± 0.01 A a = 48.35 ± 0.3° 

b = 5.47 db 0.02 A j8 = 76.6 ± 0.3*^ 

c = 17.29 ± 0.07 A 7 = 62,5 ± 0.2** 

Changes in the diffraction angles for the principal reflections with temperature 
below 200°C, are shown in Table III. These data were taken on a sample of 
powder which had been annealed at 240**C to stabilize the structure without 
producing the changes depicted in Figure 2. The parameters of the hydrogen- 
bonded sheets are essentially unchanged between 24 and ISS^'C and have the 
following values: a = 4.96 A, c = 17.34 A, and )8 = 77.3**. 

Above 200°C, the structure is pseudohexagonal. The unit cell is trichnic, and 
the two-dimensional projection on a plane normal to the c axis is metrically 
hexagonal. The (001) and (002) reflections are changed very little, and this in- 
dicates that the c axis is still tilted with respect to the ab plane. The separation 
between the hydrogen-bonded sheets has increased to the point where the two 
strong reflections indexed as (100) and (010,110) merge to form a single strong 
sharp reflection. 

The properties of the pseudohexagonal unit cell are most simply expressed 
in terms of the following restrictions on the reciprocal lattice parameters- 
a* = 6* and 7* = 120°. 

Instead of the six parameters generally needed to define a triclinic cell, only 
four reciprocal lattice parameters are needed for a pseudohexagonal cell- 
a* = 1/dioo, c* = 1/dooi, a*, and jS*. 

Diffraction data taken at 202 and 240°C are given in Table IV together with 
the calculated unit cell parameters. Indexing is based on the intensity data of 
Colclough and Baker.is There is little change over this temperature range except 
for a continued increase in a. The angle within the hydrogen bonded sheet 
is a few degrees larger than it was below 200°C, but the interchain separation 
within the hydrogen bonded sheet, a sinft is almost unchanged. The contraction 



TABLE III 

X-Ray Data Measured below 200°C on Nylon 66 Powder Annea led at 240°C 

Temperature ("C) 24 120 

29 



154 



001 
002 
100 

010.110 

015 

017 

117.027 
117 

020.220 

1.3,14 
Unit cell parameters 

a (A) 

6(A) 

c(A) 

a (deg) 

/3(deg) 

y (deg) 
Volume (A3) 
Density (g/cm^) 



6.6 
13.5 
20.2 
24.0 

37.8 
41.0 
46.0 
49.6 
76.9 

4.95 db 0.05 
6.4*4 ± 0.04 
17.38 ± 0.04 
48.3 ± 0.6 
76.6 ± 0.6 
62.6 ± 0.5 
308 ± 2.5 
1.219 ± 0.010 



4.96 ± 0.5 
5.54 ± 0-07 
17.35 ± 0.09 
48.9 ± 0.8 
76.8 ± 1.4 
62.1 ± 1.0 
315 ±3 
1.193 ± 0.010 



4.95 ± 0.07 
6.57 ± 0.09 
17.29 ± 0.10 
50.6 ± 1.0 
78.0 ± 1.6 
61.9 ± 1.4 
323 ±3 
1.165 ± 0.012 



183 



6.75 


6.6 


6.7 


14.05 


13.7 


13.6 


20.4 


20.5 


20.6 


23.6 


23.0 


22.25 




26.6 


26.6 


37.8 


37.55 


37.9 


41.1 


41.15 


40.95 


48.4 




45.5 



4.97 ± 0.05 
5.73 ± 0.08 
17.36 ± 0.08 
51 7 ± 1.0 
77.9 ± 1.5 
60.9 ± 1.0 
336 ±1 
1.117 ± 0.005 
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it 240*'C 

183 



6.7 
13.6 
20.6 
22.25 
26.6 
37.9 
40.95 

46.5 

4.97 ± 0.05 
5.73 ± 0.08 
17.36 ± 0.08 
61 7 ± 1.0 
77.9 ± 1.6 
60.9 ± 1.0 
336 ±1 
1.117 ±0.005 



TABLE IV 



X-Ray Data on Nylon 66 Powder in the Pseudohexagonal Form 



Temperature (**C) 




202 




240 


hkl 


25obs. 


2^calc. 


2^obs. 


26 calc. 


001 


6.65 


6.50 


6.60 


6.49 


002 


13.25 


13.01 


13.25 


13.01 


100,010,110 


21.05 


21.14 


21.00 


21.09 


T03 




26.05 




26-05 


114 


26.05 


26.05 


26.05 


26.05 


004 




26.20 






210,110.120 


37.10 


37.05 


37.00 


36.80 


Unit cell parameters 










a (A) 




4.92 ± 0.02 




4.93 ± 0.02 


6(A) 




6.04 ± 0.10 




6.03 ± 0.09 


c(A) 




17.23 ± 0.25 




17.18 ± 0.23 


a (deg) 




53.5 ± 1.2 




67.8 i 1.1 






80.7 ± 0.6 




80.7 ± 0.5 


y (deg) 




60.5 i: 0.5 




60.4 ± 0.03 


Volume (A3) 




351 ±5 




352 ±5 


Density (g/cm^) 




1.069 db 0.015 




1.067 ± 0.014 



of the c dimension at elevated temperatures which has been reported for melt- 
crystallized samples'^'^^ appears not to occur with the powder crystallized from 
solution. 

Above 240**C, only the (00/) and the (hkO) reflections remain, and the unit cell 
parameters can no longer be calculated. It is possible, however, to determine 
the interchain separation from 

a sinjS = b sina = ciioo/sin7* 

The interchain separations are plotted against temperature in Figure 4.^ The 
interchain separation within the hydrogen bonded sheets, a sinjS, increases only 
slightly from room temperature to 250*^ C. The interchain separation between 
the hydrogen-bonded sheets, b sina, increases sharply approaching the Brill 
transition where the two separations become equal in the pseudohexagonal 
structure. 

Between 250° C and the final melting point, there is another sharp increase 
in the interchain separation. This is the region of the first melting transition 
shown in Figures 1 and 3. Annealing in this temperature range eliminates the 
endotherm near 200°C and reduces the heat of fusion (Fig. 2). 

RHEOLOGY AND DYNAMIC MECHANICAL PROPERTIES 

It is possible to extrude the powder with a capillary rheometer at temperatures 
from 260 to 270° C. The dependence of shear stress on apparent shear rate is 
shown in Figure 5. At 260 and 265**C, the rheological exponent, the slope of a 
log-log plot of shear stress versus apparent shear rate, is 0.41 at low shear rates. 
At higher shear rates, the rheological exponent becomes 0.17 at 260° C and is 
essentially zero at 265°C. A zero exponent is equivalent to plastic behavior. Low 
exponents have been observed for the extrusion of highly crystalline poly- 
(tetrafluoroethylene) below its melting point and for crystalline and smectic 
states of certain low molecular compounds.^^ At 270°C, the rheological exponent 

i 

: \ 
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Fig. 4. Dependence on temperature for the interchain separations in crystals of nylon 66. 

is 0.72 over a wide range of apparent shear rates. The apparent viscosities vary 
from 10^ to 10*^ poise. 

DSC scans from extrudates prepared at 260-270''C differed from those from 
samples which had merely been heated to those temperatures. The extrudates 
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Fig. 5. Rheological data below the melting point. 
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tals of nylon 66. 
c viscosities vary 

from those from 
The extrudates 



270»C 



retained a Brill transition with a latent heat of about 2.5 cal/g. The melting peak 
temperatures were higher, and in extrudates prepared at 265-270°C, there was 
an additional melting peak at 282**C. This may indicate that some of the crys- 
tallites were changed to a more chain-extended form. Both the extrudates and 
the powders annealed at the same temperatures had heats of fusion near 20 
cal/g. 

Coherent extrudates were obtamed with both cylindrical and rectangular dies. 
Our rectangular die had a cross section of 0.050 X 0.250 in., a straight-section 
length of 0.500 in., and a 45'' conical inlet. The rectangular extrudates were run 
on the Du Pont dynamic mechanical analyzer,20»2i The flexural modulus and 
the loss tangent for a powder extrudate prepared at 260**C and an injection 
molded specimen are compared in Figures 6 and 7. Both samples had been dried 
in a vacuum oven at 110**C. The temperature of the a relaxation near 80**C is 
about 20** higher in the powder extrudate. The heights of the a and y loss peaks 
are similar, reflecting similar levels of crystallinity as indicated by the heats of 
fusion, 20.1 cal/g for the powder extrudate and 18.6 cal/g for the injection 
molding. However, the modulus of the powder extrudate was higher at tem- 
peratures between the a-relaxation and the Brill transition. This is thought 
to be due to a more perfect crystalline order in the powder crystallized from so- 
lution. 
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Fig. 6. Flexural modulus measured with a Du Pont dynamic mechanical analyzer: (O) powder 
extrudate; (+) injection molding. 
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Fig. 7. Ix»ss tangent measured with a Du Pont dynamic mechanical analyzer Symbols as in Figure 

CONCLUSIONS 

The endotherm near 200°C in powders crystallized from solution indicates 
clearly that the Brill transition is thermodynamically first order. The dimensions 
within the hydrogen-bonded sheets are essentially constant over a wide range 
of temperature. 

Heating at temperatures above 245^0 produces a number of interesting 
changes. The latent heat of the Brill transition is gradually reduced toward zero, . 
and the heat of fusion is also reduced. An endothermal peak at 261**C is replaced, 
by one at 267*^0. In this temperature range, the interchain separation increases 
rapidly. The decrease in the number of peaks in the x-ray diffraction pattern 
suggests increased motion within the crystals. These changes permit the powder 
to be extruded in an essentially plastic manner. 

Low-angle x-ray diffraction data were obtained by F. C. Wilson. Least-squares refinements of 
the unit cell were done with a computer program supplied by K. H. Gardner. 
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